Human telomerase reverse transcriptase (TERT) is essential for the maintenance of telomere DNA length, chromosomal stability and cellular immortality. We hypothesized that TERT polymorphisms are associated with risk of childhood acute lymphoblastic leukemia (ALL). We first conducted a case-control study of 570 ALL cases and 673 cancer-free controls of Chinese children, using the tagging single-nucleotide polymorphisms (tSNPs) approach. We then examined the functionality of the important SNPs. We found that TERT promoter region tSNP (rs2735940) and two intron region tSNPs (rs2736100 and rs10069690) were associated with risk of childhood ALL (P = 0.036, 0.011 and 0.022, respectively, in allele comparison). The in vitro luciferase assays in Jurkat cells showed an increased transcriptional activity of rs2735940 T allele compared with the C allele. Additional experiments with ALL bone marrow revealed that the rs2735940 T allele increased levels of the TERT messenger RNA. Notably, TERT intron 2 polymorphism (rs2736100) was associated with lower telomerase activity and longer telomeres. Our findings suggested that TERT promoter rs2735940 polymorphism may affect the TERT activity, and rs2736100 may be associated with telomere function, and thus, it is a potential biomarker for genetic susceptibility to ALL in Chinese children.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common malignant disorder in childhood accounting for approximately three quarters of all childhood leukemia diagnoses and the incidence is increasing worldwide (1, 2) . Despite extensive studies, little is known about the pathogenesis of ALL, although both inherited susceptibility and specific environmental exposure are supposed to play a role in this process (2, 3) . Chromosome and gene rearrangements are the hallmark of leukemia. Abnormal chromosome extremities favor such rearrangements and are thereby involved in leukemogenesis (4) .
Telomere-driven genome instability is a widespread cause of genome instability (5) . Telomere is a complex DNA-protein structure located at the end of all linear eukaryotic chromosomes. Telomerase consists of a catalytic protein subunit, human telomerase reverse transcriptase (TERT), the RNA component of the telomerase and the shelterin complex (6) . The major role of human telomerase is to catalyze the addition of telomeric repeat sequences TTAGGG onto chromosome ends for stabilization of telomere length in attaining cellular immortality and may therefore be a critical step in carcinogenesis (7, 8) . It is known that telomerase is active in 85% of cancer tumors, whereas in those cells that do not express TERT or telomerase at all, the alternative lengthening of telomeres pathway is assumed to preserve the length of telomeres, which are obligate for senescence bypass and for neoplastic transformation of normal cells (9) (10) (11) . Recent metaanalyses have reported an association between short telomeres and the increased risk of several types of human cancers, including breast cancer, bladder cancer, lung cancer, esophageal cancer, gastric cancer, ovarian cancer, renal cell cancer, non-Hodgkin lymphoma and head and neck cancer (12, 13) . Moreover, Capraro and colleagues (4) found that telomere length was shorter in ALL subjects than in normal bone marrow mononuclear cells. And compared with healthy individuals, telomerase activity was higher in acute leukemia children (14) .
TERT represents the limiting factor for telomerase activity (15, 16) . The TERT gene encompasses more than 41 kb and consists of 16 exons ( Figure 1A ) located at 5p15.33, which is the third region associated with the multiple cancers besides the other two loci: 8q24 and 9p21 (15, 17) . In the previous years, genome-wide association studies (GWAS) have successfully discovered at least six distinct loci at TERT associated with risk for multiple cancers (17) (18) (19) (20) (21) (22) (23) (24) (25) . However, to date, the association between genetic variations in the TERT gene and risk of childhood ALL has not been reported.
In this study, we selected 11 tagging single-nucleotide polymorphisms (tSNPs) from the data for Chinese in the HapMap database (http://hapmap.ncbi.nlm.nih.gov/) to evaluate the association between common genetic variants in TERT and risk of ALL in Chinese children. Among these tSNPs, we identified a risk-associated TERT rs2735940 polymorphism in the promoter, and our further molecular work indicated that this genetic variant could influence the TERT messenger RNA (mRNA) expression via affecting transcription activity.
Materials and methods

Study population
This study included 570 ALL cases and 673 cancer-free controls. All subjects were genetically unrelated individuals of Han Chinese descent, which have been described previously (26, 27) . The cases aged from 1 to 18 years were new diagnosed starting in the Nanjing Children's Hospital Affiliated Nanjing Medical University and Soochow University Affiliated Children's Hospital from January 2007 to September 2011. All cases were morphologic, histochemical, immunologic and cytogenetically proven with bone marrow aspirate samples. Immunophenotype and risk level of these cases were determined according to the Suggestion of Diagnosis and Treatment of ALL in Childhood, published by the Society of Pediatrics, Chinese Medical Association in 2006 (26) . The control subjects were healthy individuals, who were frequencymatched with cases by the age and sex and randomly selected following health examination in the same geographic area, without malignant neoplastic or thrombotic disease. Information about individual demographics as well as data on environmental factors were obtained through face-to-face interviews. Never smoking or drinking status was recorded if neither of the parents smoked nor consumed alcohol during or after the pregnancy, else, ever was considered; if the child's house was not painted during pregnancy or ever after birth, home paint exposure was considered never, else, it was considered ever. The research protocol was approved by the institutional review board of Nanjing Medical University, and informed consent was obtained from all individuals and their parents.
SNP selection and genotyping
We selected the tSNPs of TERT gene by using genotype data obtained from the Han Chinese in Beijing in HapMap database (HapMap Data Rel 24/phase II, November 2008, on NCBI B36 assembly, dbSNP b126). The tSNPs had a minor allele frequency >5% within a 45-kb region spanning the TERT gene (including 2 kb upstream and 2 kb downstream) using the pairwise option of the Haploview 4.0 software (28) . An r 2 of 0.8 was selected as a threshold for the analyses, and two SNPs in promoter region were forced into the analyses. Finally, 11 tSNPs were selected in this study ( Figure 1 and Table I) , and the mean max r 2 is 1.0. Detection of these tSNPs was performed using TaqMan SNP Genotyping assay and 384-well ABI 7900HT Real-Time PCR System (Applied Biosystems, Foster City, CA). The PCR thermal cycling protocol consisted of 95°C for 10 min followed by 45 cycles of 95°C for 15 s and 60°C for 1 min. The SNPs were discovered at GWAS.
TERT variants and acute lymphoblastic leukemia
Approximately, equal numbers of the case and the control samples were assayed in each 384-well PCR plate with positive controls of samples with known heterozygous and homozygous genotypes and a negative control with no samples. The genotype analysis was done independently by two persons in a blind fashion. Genotyping was randomly repeated in 10% of samples to check for the typing reliability, and the results were 100% concordant. The call rates were >98% for all variants.
Construction of reporter plasmids
Because rs2736109 is highly linkage disequilibrium (LD) with rs2735940, and the single allele analysis indicated that only rs2735940 (C>T transitions at 1381-bp upstream of the transcription-starting site ATG) was associated with increased risk of childhood ALL, we then determined whether this polymorphism had an effect on gene expression in vitro. The TERT promoter-luciferase reporter plasmids containing rs2735940 C sequence were prepared by synthesizing the 221-bp fragment (from 1261-1479 bp relative to the first base) in Invitrogen Company. The resulting fragment was then subcloned into the KpnI (MBI) and HindIII (MBI) sites of the pGL3-basic vector (Takara). For the construction of reporter plasmids containing rs2735940 T, site-specific mutagenesis was performed using the rs2723940 C plasmids as a template by a PCR-based protocol kit (Takara, Japan). The primers were 5′-TGTAATCCTAAGTATTTACAAGACGAGGC-3′ (forward) and 5′-GGTCGCTCTTCTAGAAATCCCCTTAGTG-3′ (reverse). The PCR thermal cycling protocol consisted of 30 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 5 min. All constructs were sequenced to confirm their authenticity.
Transient transfection and luciferase assay
Jurkat cells were incubated in 10 cm plates (1 × 10 6 cells per plate) for 24 h. Then, they were transfected with the constructed reporter plasmid (10 µg) and pRL-SV40 (0.01 µg) by electrotransfection instrument (Bio-Rad) at 975 µF and 250 V in a 0.4 cm cuvette at a concentration of 1 × 10 7 cells/350 µl in RPMI 1640 medium containing 10% fetal calf serum. The pRL-SV40, containing the Renilla luciferase gene, was used as an internal standard to remove the differences in both transfection and harvesting efficiency. Cells were collected 48 h after transfection, and cell lysates were prepared according to the manufacture's instruction. Luciferase activity was measured with a Dual-Luciferase Reporter assay system (Promega, Madison, WI) and normalized against the activity of the Renilla luciferase. Each assay was done in triplicate.
Real-time analysis of TERT mRNA
Total RNA was extracted from bone marrow using Trizol Reagent (Invitrogen, Carlsbad, CA). The total RNA was reverse transcribed into complementary DNA using ReverTra Ace qPCR RT kit (Toyobo, Tsuruga, Japan), and the resulting complementary DNA was used for subsequent real-time PCR analysis of TERT and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primers used for amplification were 5′-TGTTTCTGGATTTGCAGGTG-3′ and 5′-GTTCTTGGCTTTCAGGATGG-3′ for TERT according to the literature (29) , and 5′-GAAATCCCATCACCATCTTCCAGG-3′ and 5′-GAGCCCCAGCCTTCTCCATG-3′ for GAPDH. The GAPDH was used as an internal quantitative control, and each assay was done in triplicate. The PCR thermal cycling protocol consisted of 50°C for 2 min, then 95°C for 10 min followed by 45 cycles of 95°C for 15 s and 60°C for 1 min.
Telomerase activity measurement
Bone marrow (2 ml) was collected in heparinized tubes, and mononuclear cells were isolated using Ficoll/Hypaque and resuspended in 100 µl lysis buffer and incubated for 30 min at 4°C. Lysates were centrifuged at 16 000g for 20 min at 4°C, and supernatants were transferred into fresh Eppendorf tubes and stored at −80°C until use. Protein concentration was measured in each extract using the BCA assay. Telomerase activity was measured using TRAPeze telomerase detection kit (S7700; Millipore, Bedford, MA) according to manufacturer instructions. Briefly, lysates containing 300 ng protein were added into the PCR master mix containing 10× telomeric repeat amplification protocol (TRAP) reaction buffer, 50× deoxynucleoside triphosphate mix, TS primer, TRAP primer mix and TaKaRa Ex Taq Hot Start polymerase. PCR conditions were one cycle at 30°C for 30 min, 33 cycles at 94°C for 30 s, 59°C for 30 s and 72°C for 1 min. PCR TRAP products were loaded and ran on a 12.5% non-denaturing polyacrylamide gel electrophoresis for 30 min at 250 V. After electrophoresis, the gel was stained with SYBR Green (Invitrogen) for 30 min and destained for 20 min in deionized water. Then, the image was obtained using a charge-coupled device imaging system at 302 nm UV transilluminator.
Each sample was tested with heat-inactivated (85°C for 10 min) telomerase positive control, PCR contamination control and quantitation control (1 µl TSR8 and 2 µl TSR8). The signal of the region of the gel lane corresponding to the TRAP product ladder bands from all samples was measured, including nonheated (x) and heat-treated sample extracts (x 0 ), PCR contamination control (r 0 ), TSR8 quantitation control (r), the internal standard (S-IC) in non-heat-treated samples (c) and TSR8 quantitation control (c R ). The amount of telomerase product was quantitated using the following formula: TPG (units) = [(x − x 0 )/c] ×100/[(r − r 0 )/c R (30, 31) ] . Each unit of TPG (Total Product Generated) corresponds to the number of TS primers (in 0.001 amol or 600 molecules) extended with at least four telomeric repeats by telomerase in the extract.
Telomere length measurement
Relative telomere length (RTL) was measured by the quantitative real-time PCR-based assay described by Cawthon (32) , and the data have been reported previously (33) .
Statistical analysis
Chi-square (χ 2 ) test was used to evaluate the distribution differences of selected demographic characteristics as well as each genotype and allele of the TERT polymorphisms between the cases and controls. Hardy-Weinberg equilibrium of the genotype distribution among the controls was tested by a goodness-of-fit χ 2 test. Unconditional univariate and multivariate logistic regression analyses were done to obtain crude and adjusted odds ratios (ORs) for risk of childhood ALL and their 95% confidence intervals (CIs). The multivariate adjustment included age, gender, parental drinking and smoking status, as well as housing painting status. For stratification by age, the age cutoff was used in this study as it was the median age of the recruited patients and controls. A median value of the RTL (T/S ratio) in control group was considered as a cut-point dividing all subjects into two groups: the longer telomere group and the shorter telomere group. 
Results
Characteristic of the study population
The demographic characteristics of the study subjects are presented in Supplementary Table 1 , available at Carcinogenesis Online. There was no significant difference in the distribution of age (P = 0.250) and gender (P = 0.104). Compared with the control subjects, the ALL cases had more parental smokers, drinkers and home painting exposure (62.1% versus 56.6%, P = 0.049; 38.9% versus 22.6%, P < 0.001 and 34.6% versus 21.4%, P < 0.001). In addition, among ALL patients, 77 (13.5%) patients were T-phenotype ALL, 490 (86.0%) were B-phenotype ALL and 3 (0.5%) were T-B biphenotypic ALL and other immunophenotypes. Furthermore, 250 (43.9%) patients were in the low-risk category, 94 patients (16.5%) were in the medium-risk category and the remaining 226 (39.7%) were in the high-risk category.
SNP association analysis
The SNP identifiers, locations, allele frequencies and call rates are shown in Table I . The genotype frequencies of these 11 polymorphisms among the controls were all in agreement with HardyWeinberg equilibrium except rs2853691 (P < 0.001). The single allele analysis indicated that the allele frequencies of three polymorphisms were different between the cases and controls (P = 0.036 for rs2735940, P = 0.011 for rs2736100 and P = 0.022 for rs10069690). The genotype distribution of the 11 tSNPs and their associations with ALL risk are presented in Table II . Genotype distribution of the rs2853676, rs2736100 and rs10069690 polymorphisms showed a significant difference between the cases and controls (P = 0.015, 0.019 and 0.048, respectively).
Multivariate logistic regression analysis indicated that the variant AA genotype of rs2736109 was associated with a significantly increased risk of childhood ALL compared with the wild-type GG genotype (adjusted OR = 1.48, 95% CI = 1.01-2.17) and TT genotype of rs2735940 was associated with an increased risk compared with the CC genotypes (1.38, 1.00-1.90) . Similarly, a significantly increased X.Sheng et al. 
Association between haplotypes and risk of childhood ALL
Two haplotype blocks were constructed for TERT ( Figure 1B) with Haploview software. Although no statistically significant haplotype was found in blocks 1 and 2 (Supplementary Table 2 , available at Carcinogenesis Online), rs2736109 displayed a strong LD (D′ = 0.94) with a functional SNP (rs2735940). Haplotype analysis including all 11 tSNPs was performed, and there were >100 possible haplotypes derived from the known genotypes. As shown in Table III , the distribution of the individuals carrying the haplotype GCGGAGCAAGT and GTGACACAAGT between the ALL cases and controls was significantly different (P = 0.001).
Effects of the rs2735940 polymorphism on transcription activity
Luciferase assays were done using two pGL3-basic reporter constructs (Figure 2A ) in Jurkat cells. As shown in Figure 2B , the plasmid with rs2735940 T allele had relatively higher luciferase activities than that with rs2735940 C allele (P = 0.021). The results suggested that the rs2735940 C to T transition could increase the transcription activity of TERT gene in vitro.
Association of TERT mRNA level, telomerase activity and TERT polymorphisms
We further examined the relationship between the SNP rs2735940 and TERT mRNA expression in vivo. There were 44 childhood ALL subjects with different genotypes of the polymorphism used for real-time analysis of TERT mRNA. Among these 44 samples, the rs2735940 CC, CT and TT genotypes distributions were 10, 21 and 13, respectively. As shown in Figure 3 , the relative levels of TERT mRNA were higher in individuals with the TT genotype than those with the CC and CT genotypes (P = 0.073 and 0.018, respectively).
Of these 41 patients, 32 patients had detectable telomerase activity by visualized estimate. No significant association was found between the TPGs of the 32 positive samples and rs2735940 polymorphism. However, the TPGs were lower in individuals with either rs2736100 CC (P = 0.002) or AC/CC (P = 0.003) genotype than those with the wild-type genotype (Figure 4) .
Association of RTL and TERT polymorphisms
A total of 1243 samples were tested, including 570 childhood ALL cases and 673 cancer-free controls. Subjects were categorized into short RTL and long RTL according to the median of RTL (T/S ratio) in controls (1.09). There was no significant difference in the distribution of short RTL and long RTL in clinical risk categories (P = 0.727) and immunophenotype categories (P = 0.573) (Supplementary Table 3 , available at Carcinogenesis Online). In control group, we found rs2736100 in intron 2 to be associated with telomere length by multivariate logistic regression analysis (Table IV) . Genotype distribution of this SNP showed significant differences between the short RTL group and long RTL group (P = 0.043). Compared with the wild genotype, rs2736100 CC genotype increased 90% susceptibility of longer RTL.
Discussion
In this case-control study, 11 tSNPs in the TERT gene were investigated with respect to the association with risk of childhood ALL in a Chinese population. We found that TERT promoter region tSNP (rs2735940) and intron region tSNPs (rs2736100 and rs10069690) were associated with risk of childhood ALL in the Chinese population. Several lines of evidence support our findings.
Genotypes
Cases (n = 570) Controls (n = 673) Adjusted OR (95% CI) TERT was considered to be a more plausible candidate at 5p15.33 for childhood ALL risk because of its definitive role in telomerase activity as a reverse transcriptional catalytic subunit (34) . Overexpression of TERT and telomerase activity have been observed in many tumors including acute leukemia, which possibly contribute to unlimited cell division and leukemogenesis (4, 35, 36) . Furthermore, disruption and reduction of function of telomerase are also found at a higher frequency within hematopoietic cancers (37) . Therefore, it is possible that genetic variations in TERT gene may affect telomere function and contribute to the development of cancers.
Our results showed that rs2735940 C to G substitution increased the transcription activity of the TERT gene in vitro and the TERT mRNA expression in vivo, which is consistent with Matsubara's TERT transcriptional activity study in HUVECs (38) . However, we did not find that this SNP was associated with telomerase activity and telomere length. Nordfjäll and colleagues also did not find rs2735940 polymorphism associated with telomere length in Swedish adult (39) , which was similar to our results, and our sample size was much bigger than Matsubara's (226 myocardial infarction cases and 444 controls in Nordfjäll's study; 104 coronary artery disease cases and 115 controls in Matsubara's study). As post-transcriptional and assembly processes are probably to play important roles in regulating telomerase activity, TERT expression levels does not necessarily reflect the levels of telomerase protein expression or activity (40, 41) .
The rs2736100 is located in intron 2 of TERT and, on the basis of the Evolutionary and Sequence Pattern Extraction through Reduced Representation score, is located within a putative regulatory region (19, 42, 43) . Our results showed that rs2736100 CC genotype is associated with lower telomerase activity and longer telomere length, compared with the wild type. However, we did not find that this SNP influence the TERT mRNA expression. At present, introns are becoming more widely recognized as having important gene-regulatory roles, such as containing enhancer or silencer elements, exon shuffling and alternative splicing. Otherwise, rs2736100 is close to mutations known to alter telomerase activity (43, 44) . So, this polymorphism may influence the telomere function and play an important role in the development of ALL. Moreover, it is possible that rs2736100 is in high LD with other potential functional or causal SNPs contributing to the development of ALL. Thus, the exact molecular mechanisms of rs2736100 for telomerase activity and telomere regulation require further investigation.
Recent GWAS did not show an association between TERT polymorphisms and childhood ALL (45) (46) (47) (48) (49) (50) . However, most studies were conducted among Caucasian populations. Only one study was conducted among Asian subjects in Korea including 50 cases and 50 controls (50), which is much smaller than our sample size. As GWAS can detect disease susceptibility loci throughout multistage study design, there might be potential bias introduced by 'winner's curse' in the SNP selection process of replication studies (51) . In our study, we conducted the tagging SNP to capture the common variations of a whole gene and therefore be more powerful than the approach of analyzing a single locus or the null in favor of the discovered SNP.
Several limitations of this study should be addressed. First, our study was hospital-based study design; we could not rule the possible TERT variants and acute lymphoblastic leukemia selection bias of subjects that may have been associated with a particular genotype. Second, this study had a moderate sample size (570 cases and 673 controls) with limited statistical power to detect a small effect from low-penetrance SNPs and evaluate gene-environment interaction adequately. Nevertheless, our study had 80% power at a 0.05 significance level to detect an OR of 1.38 or greater and 0.71 or smaller with an exposure frequency of 30% given this study sample size. Third, in addition to immunophenotype and risk level of the cases, we did not obtain enough information on molecular characterization of TEL/AML1, BCR/ABL and MLL rearrangements for further stratification analysis.
In conclusion, our study identified a few promising SNPs in TERT gene that are potentially associated with risk of childhood ALL in Han Chinese. Especially, TERT rs2735940 polymorphism is indeed a functional SNP both in vitro and in vivo as well as a marker for risk of ALL. Furthermore, rs2736100 may associate with telomerase activity and telomere length homeostasis and play an important role in the development of ALL in Chinese children. Further validation of the functionality of these two polymorphisms and its association with risk of ALL in other ethnic populations is warranted. 
